ABSTRACT Two studies were performed to assess the efficacy of Lactobacillus plantarum B1 in prevention of pathogenic Escherichia coli K88 gastrointestinal infection in broilers. In an in vitro study, L. plantarum B1 showed resistance to acid and bile and inhibited the growth of E. coli K88. Additionally, L. plantarum B1 exhibited high ability to adhere to broiler embryo ileal epithelium. In an animal trial, 240 broilers at 1 d of age were randomly assigned to one of 4 treatment arms: negative control (NC) broilers fed a basal diet and not challenged; positive control (PC) broilers fed a basal diet and challenged with E. coli K88; L. plantarum (LP) treatment broilers fed a basal diet containing 2 × 10 9 cfu/kg L. plantarum B1 and challenged with E. coli K88; and antibiotic treatment (Anti) broilers fed a basal diet supplemented with colistin sulfate (20 mg/kg) and challenged with E. coli K88. Broilers fed L. plantarum B1 had greater (P ≤ 0.05) BW than those in the PC treatment on d 14 and 28. Dietary L. plantarum B1 decreased (P < 0.05) E. coli counts in the cecal contents on d 10 and 14, and increased (P < 0.05) cecal lactic acid bacteria (LAB) on d 8, 10, 14, and 28 compared with the PC treatment. Dietary supplementation of L. plantarum B1 increased (P < 0.05) the ileal mucosal secretory IgA concentration and reduced (P < 0.05) IL-2, IL-4, IFN-γ, and tumor necrosis factor-α levels in the ileum. Overall, these results suggest dietary supplementation of L. plantarum B1 promotes growth performance, lowers cecal E. coli counts, and increases the population of cecal LAB, as well as improves intestinal mucosal immunity in E. coli K88-challenged broilers.
INTRODUCTION
Avian colibacillosis caused by enterotoxigenic Escherichia coli is a serious infectious disease occurring in different types of chickens (Cao et al., 2013; He et al., 2014) . Avian colibacillosis results in significant economic losses every year in the global poultry industry due to its high morbidity and mortality rates (Lau et al., 2010) . Preventing or controlling colibacillosis has commonly been accomplished by the use of antibiotics, such as colistin sulfate and enrofloxacin. However, the emergence and rapid dissemination of antibiotic-resistant bacteria have reduced the effectiveness of antibiotics and may pose substantial risks for human health (Asai et al., 2011; Belanger et al., 2011) . Hence, it is necessary to find alternative antimicrobials from natural sources to control the incidence of colibacillosis and to maintain livestock health.
Probiotics are live, non-pathogenic microbial feed supplements that confer health benefits to the host and
Bacterial Strain
The L. plantarum B1 used in this study was originally isolated in our laboratory from the gastrointestinal tract of healthy chickens. Cultures were grown anaerobically in sterile Man Rogosa Sharpe (MRS) medium at 37
• C for 24 h. The cells were harvested by centrifugation and re-suspended in reconstituted skim milk (20% wt/vol), and then immediately freeze-dried. The freeze-dried L. plantarum B1 powder containing 2 × 10 12 cfu/kg was added to the basal diet at 1,000 g/t according to Peng et al. (2016) .
In Vitro Assessment of the Potential of Lactobacillus plantarum B1 as a Probiotic
Determination of Acid Tolerance L. plantarum B1 was inoculated in MRS broth from the stock freezer vial for 24 h at 37
• C, and was subcultured at least 3 times before being used in an experiment. After the final subculture, overnight culture of this strain was inoculated at 10% (vol/vol) into MRS broth that was previously adjusted to different pH values (2.0, 2.5, and 3.0) with hydrochloric acid (3.0 M). The cultures were incubated anaerobically at 37
• C for 2 h. One-milliliter samples were collected at 0 and 2 h, serially diluted 10-fold in phosphate buffered saline (PBS) (0.1 M, pH 7.4) and plated in duplicate onto MRS agar. The plates were incubated at 37
• C for 24 h in an anaerobic jar with AnaeroPack Anaero (Mitsubishi Gas Chemical Company, Beijing, China). Acid tolerance was calculated as the percentage of the final plate count after 2 h incubation compared to the initial plate count at 0 h. Two independent experiments, each with a duplicate, were performed on the L. plantarum B1 strain at each pH value.
Bile Resistance Bile tolerance was studied according to the method of Pereira and Gibson (2002) . An overnight culture of L. plantarum B1 was inoculated at 1% (vol/vol) into of MRS broth with 0.1%, 0.3%, or 0.5% chicken bile (Sigma) or without bile (control). The inoculated tubes were incubated anaerobically at 37
• C for 12 h. Thereafter, a sample was removed from the tubes and smeared in duplicate onto MRS agar plates, which were then incubated at 37
• C for 24 h under anaerobic conditions before enumeration. Two independent experiments, each with a duplicate, were carried out on the L. plantarum B1 strain in each treatment.
Antimicrobial Activity L. plantarum B1 cells were harvested after incubation by centrifugation at 3,000 × g for 5 min. The pelleted bacterial cells were washed 3 times in PBS (0.1 M, pH 7.4) and resuspended in PBS. The liquid fermentation broth, cell-free culture supernatant, neutralized cell-free culture supernatant (pH 7.0) and re-suspension were investigated for their antimicrobial activity against Escherichia coli K88 by the agarose diffusion method (Lehrer et al., 1991) . Molten LB medium containing 1% agar at 45
• C was inoculated with E. coli K88 to obtain a final concentration of approximately 10 4 to 10 5 organisms per mL, and then poured into a 90 × 15 mm Petri dish. Upon solidification of the agar medium, 8-mm holes were bored with a sterilized cork borer. Two hundred microliters of each preparation was added to separate wells. A control treatment was implemented by using PBS. The inhibition zones were observed following 24 h of incubation at 37
• C. Adhesion Assay Ileum tissue was obtained from broiler embryos (on 19 d of incubation) and cut into 1.0-cm-long segments. Ileum segments were placed individually in 50 mm diameter petri dishes and cultured in 5 mL RPMI 1640 containing 10% fetal bovine serum (FBS). Overnight cultures of L. plantarum B1 were washed 3 times with a prewarmed PBS (0.1 M, pH 7.4) by centrifugation at 3,000 × g and appropriately diluted (10×) with PBS to give a cell concentration of approximately 10 8 cfu/mL. An aliquot (400 μL) of L. plantarum B1 cell suspension was added to the mucosal surface of the ileum segments, and incubated at 37
• C in a humidified atmosphere with 5% CO 2 for 2 h. An uninoculated control (without the addition of bacteria) was also included. After the culture period, ileum tissue samples were washed thoroughly 3 times to remove non-adherent bacteria and then processed for scanning electron microscopy by methods described previously (Hicks et al., 1996) .
Animal Trials
Birds, Diets, and Experimental Design A total of 240 1-day-old Arbor Acres broiler chickens (Huadu Broiler Company, Beijing, China) were randomly assigned to one of 4 treatments consisting of 6 replicates with 10 birds per replicate. The experimental treatments included: 1) negative control (NC) birds fed a basal diet and not challenged; 2) positive control (PC) birds fed a basal diet and orally challenged with E. coli K88; 3) L. plantarum (LP) treatment birds fed a basal diet supplemented with L. plantarum B1 (2 × 10 9 cfu/kg) and orally challenged with E. coli K88; and 4) antibiotic (Anti) treatment birds fed a basal diet supplemented with colistin sulfate (20 mg/kg) and orally challenged with E. coli K88. The inclusion of the NC group was considered necessary to demonstrate that the experimental E. coli K88 challenged broiler model was successfully established. We concentrated on the effects of L. plantarum B1 in infected animals. It should be noted that an unchallenged probiotic control treatment was not included in this study, which was similar to the experimental design of previous literature reports (Liu et al., 2010; Lee et al., 2012) . The basal diet was antibiotic-free and was formulated to meet the nutrient requirements for Arbor Acres broilers (Table 1 ). All treatment diets began on d 1, and the E. coli challenge was carried out on d 7. The chickens were housed in stainless-steel wire cages with 10 broilers per cage. Each cage was equipped with a feeder and a drinker providing feed and water ad libitum. A 24-h constantlighting program was used and the room temperature in the first week was set at 35
• C and was gradually decreased to 25
• C by the end of the experiment. Oral Challenge The E. coli K88 strain was purchased from the Chinese Academy of Sciences (Beijing, China) and was grown in Luria Bertani broth for 24 h at 37
• C with shaking (120 rpm). On d 7, birds in PC, LP, and Anti treatment groups were orally challenged with 1.0 mL (2 × 10 8 cfu/mL) of the freshly grown E. coli K88 inoculants using a 1-mL pipette (Eppendof, Hamburg, Germany), whereas the NC treatment was administrated similarly with the same volume of saline solution.
Growth Performance Broilers were weighed individually on d 1, 8, 10, 14, and 28 to determine body weight (BW) and average daily gain (ADG).
Sample Collection On d 8, 10, 14, and 28, one bird per replicate was randomly selected, euthanized, and sampled. Tissue samples from the duodenum, jejunum, and ileum were washed in PBS and immediately fixed in 4% paraformaldehyde for histological examination. For total secretory immunoglobulin A (sIgA) analysis, a 4-cm segment of the ileum from each broiler was aseptically separated and treated according to the methods as previously described (Mahdavi et al., 2010) . Samples of ileum (1 cm) were aseptically excised, flash-frozen in liquid nitrogen, and preserved at -80
• C for mRNA determination. In addition, cecal contents were aseptically collected and assessed for enumeration of LAB and E. coli.
Cecal Escherichia coli and Lactic Acid Bacteria Count The cecal contents (0.5 g) were diluted in 4.5 mL sterile buffered peptone for 1 h, and then diluted 10-fold from 10 -2 to 10 -7 . Cecal contents were plated on MacConkey's agar at 37
• C for 24 h to enumerate E. coli, and plated on MRS agar under anaerobic conditions at 37
• C for 24 h to enumerate LAB. All bacteria were counted and expressed as total cfu/g digesta, and results are presented as log 10 -transformed data.
Small Intestine Morphology Paraformaldehydefixed intestinal samples were dehydrated and embedded in paraffin. Transverse sections were cut at 5 μm and stained with hematoxylin and eosin. Villus height and crypt depth were measured under an Olympus CK 40 microscope (Olympus Optical Company, Shenzhen, China) with 40 × 10 magnification. At least 15 welloriented, intact villi were measured for each broiler. The villus height/crypt depth ratio was calculated from these measurements.
Determination of sIgA Concentrations in Ileal Mucosa Before determination, total protein content of intestinal washings was measured by the BCA assay (Thermo Fisher Scientific, Rockford, IL). The concentration of sIgA in ileal mucosa was determined through chicken-specific sIgA enzyme-linked immunosorbent assay (ELISA) quantitation kit (Jiancheng Biological Engineering Institute, Nanjing, China). The ELISA procedures were carried out following the manufacture's protocol. Data were acquired by a microplate reader equipped with MPM 6.1 Software (Bio-Rad Laboratories, Hercules, CA).
RNA Isolation and Real-Time PCR of Cytokines and Toll-Like Receptors Total RNA from the ileal segments was extracted by TRIzol isolation reagent (Invitrogen Life Technologies) according to the manufacture's protocol. The quality and quantity of total RNA were determined by gel electrophoresis and a NanoDrop Spectrophotometer (P330, Implen, Germany). The extracted RNA (1 μg) was reverse-transcribed to complementary DNA (cDNA) using a PrimeScript 1st Strand cDNA Synthesis Kit (Takara, Ostu, Japan). Primers for the selected genes are given in Table 2 . Real-time PCR was performed on an Applied Biosystems 7500 RealTime PCR System (Applied Biosystems, Singapore) with SYBR Green PCR Master Mix (Takara, Ostu, Japan). All reactions were run in triplicate and normalized with the housekeeping gene β-actin. Relative gene expression data were determined by the 2 -ΔΔCt method as described previously (Livak and Schmittgen, 2001) .
Chemical Analyses of Diet The basal diet was analyzed for CP, calcium, and total phosphorus according to AOAC (2003) procedures. For dietary lysine determination, samples were acid hydrolyzed with 6 M HCl (refluxed for 24 h at 110
• C) and then determined by ion-exchange chromatography using a Hitachi L-800 AA Analyzer (Tokyo, Japan). Methionine and cysteine were determined after oxidation with performic acid and subsequent hydrolysis with 6 M HCl at 120
• C for 16 h and separated by Reversed-Phase HPLC (Agilent 1200, Santa Clara, CA).
Statistical Analysis All data were analyzed as a completely randomized design by one-way ANOVA using the GLM procedure of SAS (SAS Inst. Inc., Gary, NC). All means are presented as least-squares means (±SEM). The acid and bile tolerance experiments were independently replicated 2 times, each with a duplicate sample and the sample was considered as the experimental unit. The statistical model included treatment as a fixed effect. For growth performance data, the cage was treated as the experimental unit. For cecal microbiological parameters, gut histological analyses and immune data, the bird was considered as the experimental unit. Data for cecal bacterial enumeration were transformed using log 10 before analysis. The data from the animal trials were analyzed within each time point, and the model included treatment as a fixed effect. Statistical differences among treatments were determined using Student Newman Keuls Multiple Range Test. A P-value of less than 0.05 was considered statistically significant.
RESULTS

Resistance to Acidity
The acid tolerance profile of L. plantarum B1 was tested at different pH values (Table 3) . At the lowest pH (2.0), the number of bacteria had approximately 18% survival after 2 h treatment. At pH 2.5 and after 2 h, the bacterial survival rate was greater than at pH 2 after 2 h and approximated 29%. When the test pH was increased to pH 3, a high survival (55.95%) was observed.
Resistance to Bile
The bile resistance of L. plantarum B1 was evaluated by supplementation with bile (Table 4) . Growth of L. plantarum B1 in MRS broth without bile was used as control, in which the viable count was 3.45 × 10 8 cells/mL after 12 h incubation. With increasing bile concentration, growth was significantly decreased (P < 0.001). However, survival was more than 30% in MRS broth with 0.5% bile after 12 h incubation.
The In Vitro Antimicrobial Activity
The antimicrobial effect was evaluated by Agar Well Diffusion Assay. The results are presented in Figure 1 . The preparations (fermentation broth, cell-free culture supernatant and neutralized cell-free culture supernatant) were able to inhibit E. coli K88, while the resuspension did not.
Adhesion to Ileum
Adhesion of L. plantarum B1 cells to the ileal epithelium was evident under microscopy ( Figure 2B ; Figure S2 ). Tissue of the uninoculated control showed a-c Means in the same row with different superscripts differ (P < 0.05).
1 Each mean represents 6 replicates. NC = broilers fed a basal diet; PC = broilers fed a basal diet and challenged with Escherichia coli K88; LP = broilers fed a basal diet containing Lactobacillus plantarum B1 (2 × 10 9 cfu/kg) and challenged with E. coli K88; Anti = broilers fed a basal diet containing colistin sulfate (20 mg/kg) and challenged with E. coli K88.
a smooth surface without any adhesions (Figure 2A ; Figure S1 ).
Broiler Performance
Broilers in the PC treatment challenged with E. coli K88 showed depressed performance (Table 5) and accumulation of excreta around the vents (Figure S3) . The clinical signs for infected broilers in the 2 treated groups (L. plantarum and antibiotic group) were not evident. Body weight of broilers in the PC treatment was significantly decreased (P < 0.01) on d 14 and 28 compared with the unchallenged broilers (Table 5 ). The L. plantarum B1 supplementation increased (P < 0.01) BW of broilers compared with that in the PC treatment on d 14 and 28. The ADG was significantly decreased (P < 0.01) in the PC broilers compared with the unchallenged broilers starting on d 11 and continuing to d 28. Broilers fed L. plantarum B1 had greater (P < 0.01) ADG than 
colistin sulfate resulted in similar performance to that of the unchallenged broilers.
Cecal Escherichia coli and lactic acid bacteria count
An increased amount (P < 0.05) of E. coli in the cecal digesta were observed in the PC treatment on d 8, 10, and 14 compared with that in the NC treatment (Figure 3) . Supplementation with L. plantarum B1 resulted in fewer (P < 0.05) E. coli counts compared with the PC treatment on d 8, 10, and 14. Additionally, broilers supplemented with colistin sulfate had fewer (P < 0.05) cecal E. coli than PC broilers on d 8, 10, and 14. The LAB population in the cecal digesta was siginificantly decreased (P < 0.05) in broilers of the PC treatment compared with that in the NC treatment on d 10 and 28. Supplementation with L. plantarum B1 increased (P < 0.05) the population of cecal LAB compared with PC broilers on d 8, 10, 14, and 28. In the Anti treatment, the LAB counts in the cecal digesta were also significantly increased (P < 0.05) compared with the PC treatment on d 28.
Intestinal Morphology
Means and standard errors for duodenal villus height, crypt depth, and villus height to crypt depth ratio are given in Table 6 . Neither E. coli challenge nor dietary treatment affected the duodenal villus height on d 8, 10, 14, and 28. On d 8, broilers in the PC treatment significantly increased (P < 0.05) the duodenal crypt depth compared with the NC broilers. The duodenal Figure 3 . Effects of Lactobacillus plantarum B1 on Escherichia coli and lactic acid bacteria (LAB) populations (log 10 cfu/g) in the cecum of broilers. Bars represent means ± SEM for 6 broilers per treatment. Within the same d, bars with different letters differ significantly (P < 0.05). NC = broilers fed a basal diet; PC = broilers fed a basal diet and challenged with Escherichia coli K88; LP = broilers fed a basal diet containing Lactobacillus plantarum B1 (2 × 10 9 cfu/kg) and challenged with E. coli K88; Anti = broilers fed a basal diet containing colistin sulfate (20 mg/kg) and challenged with E. coli K88.
crypt depth for the LP and Anti treatment were intermediate to that of NC and PC treatment. L. plantarum B1 supplementation had a tendency to decrease (P = 0.07) the crypt depth compared with the PC treatment 1 Each mean represents 6 replicates. NC = broilers fed a basal diet; PC = broilers fed a basal diet and challenged with Escherichia coli K88; LP = broilers fed a basal diet containing Lactobacillus plantarum B1 (2 × 10 9 cfu/kg) and challenged with E. coli K88; Anti = broilers fed a basal diet containing colistin sulfate (20 mg/kg) and challenged with E. coli K88. 1 Each mean represents 6 replicates. NC = broilers fed a basal diet; PC = broilers fed a basal diet and challenged with Escherichia coli K88; LP = broilers fed a basal diet containing Lactobacillus plantarum B1 (2 × 10 9 cfu/kg) and challenged with E. coli K88; Anti = broilers fed a basal diet containing colistin sulfate (20 mg/kg) and challenged with E. coli K88. on d 28. Duodenal villus height to crypt depth ratio of broilers in NC, LP, and Anti treatments tended to be greater (P = 0.08) than that of the PC treatment on d 14.
Means and standard errors for jejunal morphology are shown in Table 7 . The jejunal villus height was significantly decreased (P < 0.05) in the E. coli challenged PC broilers compared with the unchallenged broilers on d 10. However, the LP or Anti treatment had greater (P < 0.05) jejunal villus height compared with the PC treatment on d 10. An increase (P < 0.05) in crypt depth and a decrease (P < 0.05) in villus height to crypt depth ratio of jejunum were observed in the E. coli challenged PC broilers compared with the NC treatment on d 14. The jejunal villus height to crypt depth ratio for the LP treatment was intermediate to that of NC and PC treatment on d 14.
No significant difference was observed in ileal villus height, crypt depth, or villus height to crypt depth ratio among the treatments on d 8, 10, 14, and 28 (data not shown).
Total sIgA in the Ileal mucosa
The E. coli challenged PC broilers had significantly decreased (P < 0.05) ileal mucosal sIgA concentration than broilers in the NC treatment on d 8 (Figure 4) . Dietary supplementation with L. plantarum B1 resulted in siginificant increase (P < 0.05) in ileal mucosal sIgA concentration than other treatment groups on d 10 and 28.
L. plantarum B1 Modulation of Cytokine and Toll-like receptor 4 Gene Expression
As indicated in Figure 5 , the relative expression of IL-2, IFN-γ, and tumor necrosis factor-α (TNF-α) in the Figure 4 . Effect of Lactobacillus plantarum B1 on secretory IgA (sIgA) concentration in the ileal mucosa. Bars represent means ± SEM for 6 broilers per treatment. Within the same d, bars with different letters differ significantly (P < 0.05). NC = broilers fed a basal diet; PC = broilers fed a basal diet and challenged with Escherichia coli K88; LP = broilers fed a basal diet containing Lactobacillus plantarum B1 (2 × 10 9 cfu/kg) and challenged with E. coli K88; Anti = broilers fed a basal diet containing colistin sulfate (20 mg/kg) and challenged with E. coli K88.
PC broilers was greater (P < 0.05) than the NC broilers on d 10 and 28. There was however, a tendency for decreased mRNA expression of IL-2, INF-γ, and TNF-α in the broilers fed L. plantarum B1 or colistin sulfate compared to the PC treatment on d 10 and 28. Broilers in the PC group had significantly increased (P < 0.05) mRNA expression of IL-4 than did the NC broilers on d 8, 10, and 28. The IL-4 mRNA expression level in the LP and Anti treatment decreased (P < 0.05) significantly compared with those in the PC treatment on d 10 and 28. In addition, the E. coli challenged PC broilers had greater (P < 0.05) ileal Toll-like receptor 4 (TLR4) expression compared with the unchallenged broilers on d 10. The ileal TLR4 mRNA expression in the LP and Anti groups decreased (P < 0.05) significantly compared with the PC treatment on d 10. Bars with different letters differ significantly (P < 0.05). NC = broilers fed a basal diet; PC = broilers fed a basal diet and challenged with Escherichia coli K88; LP = broilers fed a basal diet containing Lactobacillus plantarum B1 (2 × 10 9 cfu/kg) and challenged with E. coli K88; Anti = broilers fed a basal diet containing colistin sulfate (20 mg/kg) and challenged with E. coli K88.
DISCUSSION
One of the promising strategies for preventing and treating bacterial infections is supplementing diets with probiotics. In order to exhibit health-promoting probiotic effects, lactobacilli have to overcome the physical and chemical barriers such as acid in the stomach and bile in the intestine (Gilliland et al., 1985) . Acidity is believed to be the most detrimental factor affecting viability of lactobacilli (Lankaputhra and Shah, 1995) , hence it is necessary for them to be acid-resistant to reach the hindgut. Resistance to bile is an important characteristic for survival and growth of lactobacilli in the small intestine of the host (Jin et al., 1998a) . In the present in vitro study, we observed that L. plantarum B1 exhibited resistance to acid and bile. It can be inferred that this strain could possibly survive acidic conditions that exist in the stomach and intestine.
One of the beneficial properties of probiotics is antimicrobial activity. In this study, L. plantarum fermentation showed strong inhibitory effect against E. coli K88. The antimicrobial activity of LAB is due to a number of factors including decreased pH levels (arising from the production of lactic acid) and the production of bacteriocins with a bactericidal or bacteriostatic action (Parente and Ricciardi, 1999) . The inhibitory effect of unmodified cell-free supernatant and neutralized cellfree supernatant was assessed to determine whether the inhibitory effect was solely due to the decreased pH levels or due to the additional production of antimicrobial substances. We observed that growth of E. coli K88 was inhibited by unmodified cell-free culture supernatant and neutralized cell-free culture supernatant, indicating that inhibition was not only due to the organic acid production but also likely due to the secretion of additional antibacterial compounds.
Adherence of probiotic bacteria to the intestinal epithelium is an important prerequisite for their probiotic activity (Servin, 2004) . In vitro organ culture with broiler embryo intestinal mucosa has allowed the direct investigation of interaction between L. plantarum B1 and the mucosa in broilers. This technique has used rabbit (Batt et al., 1987) and human (Knutton et al., 1992; Hicks et al., 1996) intestine to evaluate binding activity of enteroaggregative E. coli. In this study, L. plantarum B1 showed strong adhesion to broiler embryo ileal epithelium. These results are consistent with a previous report that reported that L. plantarum strain B282 exhibited high adherence (Argyri et al., 2013) .
There has been growing interest in probiotics as alternatives to antibiotics in animal feed. Evidence has been presented that probiotics improve weight gain and feed conversion in broiler chickens (Mountzouris et al., 2007; Awad et al., 2009) . The results of the current study demonstrated that dietary supplementation of L. plantarum B1 alleviated the growth suppression caused by E. coli challenge in broilers. The beneficial effects of L. plantarum B1 on broiler growth performance are consistent with other studies using LAB probiotics in broilers (Jin et al., 1998b; Zulkifli et al., 2000) .
It is well known that Lactobacillus plays an important role in the defense against infection by production of lactic acid and various antimicrobial compounds, by competing with pathogenic bacteria for adhesion sites in the intestinal mucosa, and by immne modulation (Tran et al., 2014 ). In the current study, dietary supplementation with L. plantarum B1 resulted in a decrease in E. coli counts and an increase in the LAB counts in the cecal digesta. The decreased counts of E. coli may be due to metabolites, like lactic acid (de Vries et al., 2006) and bacteriocins (Klaenhammer, 1988) produced by the LAB in the gastrointestinal tract. In agreement with the current study, Thanh et al. (2009) observed that dietary supplementation of metabolite combinations produced by L. plantarum reduced fecal Enterobacteriaceae and increased fecal LAB counts. Our previous research also has shown that L. plantarum B1 decreased the number of cecal E.coli in broilers due to its ability to produce lactic acid and short chain fatty acids (Peng et al., 2016) .
The architecture of intestinal mucosa can reveal useful information on gut health. Villi are important components involved in the absorption of nutrients in the small intestine. Shortened villus height is associated with a decreased surface area for nutrient absorption. A shortening of the villus and deeper crypts can lead to poor nutrient absorption, reduced disease resistance, and lower performance (Xu et al., 2003) . In the present study, apparent alterations in duodenal and jejunal villus-crypt structure such as shorter and distorted villi as well as deeper and irregular crypts were observed in broilers of the PC treatment ( Figure S4 ), which is consistent with the results of Cao et al. (2013) , who reported that E. coli challenge led to villous atrophy and intestinal morphology disruption. However, we observed that dietary L. plantarum B1 administration resulted in increased villus height and villus height to crypt depth ratio in the jejunum compared with the PC treatment. These results showed that L. plantarum B1 could alleviate some of villus loss or damage associated with E. coli challenge. Similar results were reported by Cao et al. (2013) , who found that the probiotic Enterococcus faecium ameliorated villus atrophy and intestinal morphology disruption in broiler chickens challenged with E. coli. Hence, our present results indicate that dietary supplemention with L. plantarum B1 decreases the severity of gut morphology impairment induced by E. coli challenge.
The collaborative mucosal immune system provides protection from harmful pathogens while being tolerant of dietary antigens and normal microbial flora, and sIgA forms a major component of the local immune barrier of the intestine (Van der waaij et al., 1996; Burkey et al., 2009) . The content of sIgA in the intestine can be used as an indicator to evaluate intestinal mucosal immunity (Zhang et al., 2016) . Lactic acid bacteria are known to enhance mucosa IgA production. Kikuchi et al. (2014) reported that L. plantarum AYA significantly enhanced the intestinal mucosal IgA production in mice. It was observed that L. reuteri R2LC and L. plantarum DSM 9843 increased the ileal and colonic sIgA level (Mao et al., 1996) . Our previous study also demonstrated that dietary supplementation of L. plantarum B1 significantly increased the ileal mucosal sIgA concentration (Peng et al., 2016) . In agreement with previous reports, we found that the broilers fed L. plantarum B1 had greater ileal mucosal sIgA on d 10 and 28 than the E. coli challenged broilers fed the basal diet. These findings suggest that adding L. plantarum B1 to the diet appears to stimulate the intestinal mucosa to produce more sIgA after E. coli challenge.
Cytokines are immunoregulatory peptides that participate in innate and adaptive immune responses. They play an important role in immunoregulation, and any imbalance in cytokine production or deregulation of a cytokine process can result in various pathological disorders (Tayal and Kalra, 2008) . Interleukin-2 and IL-4 are produced by naïve and Th2 cells, respectively, in response to antigenic stimulation. Upregulation of IL-2 and IL-4 levels in piglet ileum has been associated with E. coli challenge . Interferon-γ has been recognized as a pro-inflammatory cytokine responsible for eliciting immunopathology in several models of inflammation (van Holten et al., 2004) . High levels of IFN-γ mRNA expression in the broiler ileal mucosa have been correlated with Clostridium perfringens infection (Cao et al., 2012) . TNF-α is a pro-inflammatory mediator involved in systemic inflammation and stimulation of the acute phase reaction. It was reported that the E. coli challenge increased the concentration of TNF-α in the jejunal mucosa of broilers (Cao et al., 2013) . The present study showed that L. plantarum B1 reduced IL-2, IL-4, IFN-γ, and TNF-α levels in the ileum, suggesting that L. plantarum B1 had an anti-inflammatory effect in the gut. Toll-like receptors are key primary innate immune receptors, which regonize bacterially derived components containing unique pathogen-associated molecular patterns. Supplementation of L. plantarum B1 decreased the expression of TLR4 in the ileum on d 10, which may be due to the decreased amount of E. coli.
In conclusion, the in vitro study demonstrated the value and potential of L. plantarum B1 as a probiotic, for its resistance ability to acid and bile, strong inhibitory effect against E. coli, and high adhesion ability. The results of the animal trials showed that dietary supplementation of L. plantarum B1 alleviated the growth suppression caused by E. coli K88 challenge, a result similar to the effects of antibiotic supplementation. Dietary supplementation of L. plantarum B1 promoted growth performance, lowered cecal E. coli counts, and increased the population of cecal LAB, as well as improved intestinal mucosal immunity in E. coli K88-challenged broilers. These findings indicate that L. plantarum B1 supplementation has potential for use as an alternative to antibiotics used as growth promoters in diets fed to broilers, especially with regards to control of E. coli and promotion of LAB. Further research on the effects of L. plantarum B1 supplementation is clearly warranted to further elucidate its effects on other gut microbiota. Figure S1 . Scanning electron microscopy appearance of 2-h in vitro organ culture of ileum mucosa showing the smooth surface without any adhesions of the uninoculated control. Figure S2 . Scanning electron micrographs of Lactobacillus plantarum B1 adhering to ileum mucosa after 2 h of incubation. 9 cfu/kg) and challenged with E. coli K88; Anti = broilers fed a basal diet containing colistin sulfate (20 mg/kg) and challenged with E. coli K88. Table S1 . Adhesion of Lactobacillus plantarum B1 onto the ileum mucosa.
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